A study of the Ni-like silver (AgXX) spectra in the 13:7-20:5 nm wavelength region using a plasma generated by a fast high power capillary discharge is reported. Forty-three AgXX transitions have been identified with the assistance of calculations performed using the Slater-Condon method with generalized least-squares fits of the energy parameters. The average difference between the measured transition wavelengths and the theoretical values is 0.0026 nm.
Introduction
Capillary discharge excitation has proven to be an efficient method to create very compact lasers in the 46.9-60.8 nm spectral region using Neon-like ions [1] [2] [3] . Several applications demand lasers at even shorter wavelengths. In particular, the metrology associated with extreme ultraviolet lithography for the fabrication of the future generations of integrated circuits motivates the development of lasers emitting at wavelengths in the vicinity of 13.5 nm [4] . Lasing at 13.9 and 13.2 nm in the 3d 9 4d 1 S 0 -3d 9 4p 1 P 1 transitions of nickel-like silver [5] [6] [7] [8] [9] [10] and cadmium [8] respectively has been observed in laser-created plasmas. Further, lasing was observed on the 4f 1 P 1 -4d 1 P 1 transition of AgXX at 16.05 nm [10] . The further development of practical lasers operating in this wavelength region generates significant interest in the spectra of these Nilike ions. Recently, a detailed spectroscopic study of Nilike Cd has been reported utilizing a capillary discharge plasma [11] . Numerous newly identified Ni-like cadmium transitions were observed and classified in the 12.7-18.4 nm wavelength region in a cadmium plasma excited by such a discharge.
Herein we report the use of a similar discharge in silver vapor to study the spectra of Ni-like silver in the spectral region between 12.7 and 20.5 nm. A highly ionized Ag plasma was obtained with fast capillary discharge excitation of a silver vapor filled capillary channel with discharge current pulses up to 200 kA peak amplitude and a current rate increase of approximately 1:5 Â 10
13 A=s: Previous work in laser-created plasmas [12] has identified five AgXX lines in the 17.0-19.0 nm spectral region as 4p-4d transitions, in addition to 18 lines of the 3d 9 4s-3d 9 4p array from 24.8 to 31.8 nm. In the present spectra, all previously reported 4d-4p and 4d-4f transitions of AgXIX [13] and AgXX were strong emission lines and this was an incentive to extend the classification to weaker lines.
The plasma generation technique and the set-up utilized in the acquisition of the spectra are discussed in the next section. Section 3 discusses the theoretical computation and the line assignments.
Experimental set-up
The highly ionized silver plasmas of interest were generated by rapid electromagnetic compression of a silver vapor plasma column in a capillary channel. In these types of plasmas the contrast between the line and continuum spectra can be significantly larger than in laser created plasma, facilitating the classification of bound-bound atomic transitions. The silver vapor was created by heating and vaporizing a silver electrode with a current pulse. The metal vapor produced by this room-temperature metal vapor gun was injected through a hollow electrode into a 5 mm diameter, 4 cm long channel drilled into a polyacethal rod. The silver vapor injected into the channel was preionized using a moderate current pulse and was subsequently compressed and heated using a fast high current pulse of 160-200 kA peak amplitude and $ 12-15 ns risetime. The high current pulse was produced using a three stage pulse-compression system consisting of a conventional eight-stage Marx generator, followed by a 26 nF cylindrical water dielectric capacitor and a radial water-dielectric Blumlein transmission line [14] . The Marx generator was operated at an erected voltage of $ 650 kV to charge the water dielectric capacitor that in turn was discharged through a self-breaking spark-gap pressurized with SF 6 gas to pulse charge the transmission line. The Blumlein transmission line was discharged through the capillary channel located on its axis triggering an array of seven synchronously triggered spark-gaps. Each stage of pulse compression enables the generation of current pulses of increasingly shorter risetimes, allowing the creation of very fast current risetimes with a current increase rate that exceeds 1:5 Â 10
13 A=s: The Lorentz force associated with the current pulse rapidly compresses and heats the plasma, generating a narrow plasma column on axis, which reaches the Ni-like stage of ionization. Maximum soft X-ray emission occurs when the column pinches on axis. Pinhole camera measurements of cadmium plasma columns excited under similar discharge conditions show that at this time Each spectrum corresponds to a single discharge shot and was acquired with a time resolution of about 5 ns. The capillary diameter was 5 mm and the discharge current pulse had a peak amplitude of 167 kA, 167 kA and 164 kA respectively. Each spectral line is identified with the experimental wavelength corresponding to that particular discharge shot. The difference in wavelength of the lines appearing in the overlapping regions are illustrative of the error associated with the measurements. Notice that the experimental wavelengths listed in Table II are the result of averaging several spectra. Some of the weak lines listed in Table II which do not appear clearly in these spectra were classified based on their identification in the spectra corresponding to other discharge shots. ... ,_ the soft X-ray emitting region has a diameter of 250-350 mm. Shortly after, the soft X-ray emission decreases as the plasma column expands and rapidly cools [15] .
Plasma radiation emitted through axial holes in the ground electrode and metal vapor gun was collected and focused onto the slit of a 2.217 m grazing incidence spectrograph using a gold-coated cylindrical mirror placed at a grazing angle of 85.88. The radiation was dispersed by a 2400 lines/mm gold-coated grating mounted at an angle of incidence of 85.88 along the perimeter of a Rowland circle. The first order diffracted beam was recorded by a two-dimensional array detector system. This detector consists of two micro-channel plates (MCP's) mounted in a chevron configuration, a fiber optics plate coated with phosphorous, and a 1024 Â 1024 pixels CCD camera. The MCP's were gated with a resolution of $ 5 ns to allow the recording of spectra corresponding to different times of the plasma column evolution. Resolution of the instrument is limited by the MCP/CCD detector. This detector offers lower resolution than photographic plate, however it has the advantage of allowing for single-shot time resolved spectra. Figure 1 shows typical spectra of capillary discharge silver plasma for the 16.2-19.4 nm wavelength region. Calibration of the spectral region between 12.80-14.00 nm was performed using known transitions of OVI, OVII, ArVIII and FVI [16] . A second spectral region of interest, covering the wavelength range between 16.5 and 20.5 nm was calibrated using various known Argon transitions (ArIX through ArXIV) and OVI lines [16] . The calibration was verified by acquiring highly ionized silver spectra and comparing them with previously known lines of AgXIX and AgXX. The measured values of AgXIX lines averaged over several shots were found to deviate by less than 0.004 nm from those previously reported in the literature [13] . The maximum deviation between the AgXX lines reported in the literature [12] and the values measured in the present experiment was found to be 0.013 nm. From these comparisons, from the difference between the wavelength of other known lines and those obtained applying the calibration curve, and from shot to shot variations of the measured wavelengths, the error in the measurement of the transition wavelengths reported herein can be conservatively estimated at 0.01 nm.
Interpretation of the silver spectra
The same theoretical methods previously used to classify lines from CdXXI [11] was used for AgXX. The advantages of the Generalized least-squares (GLS) techniques for improving the reliability of multicharged ions predicted energies in the framework of the Racah-Slater method had been stressed in Ref. [11] and will not be repeated. Isoelectronic constraints were applied to the scaling factors of radial parameters of the four excited configurations 3d 9 4l ðl ¼ s; p; d; fÞ: The scaling factor is the ratio of an 'adjustable' radial parameter to its ab initio (HFR) value, which is derived from the RCN, RCN2 codes by R. D. Cowan [17] . The experimental 4s and 4p levels used in the GLS fits were those of [12] and earlier references. For 3d 9 4d; the set of E exp values was extended from 228 values in [12] to 239 after inclusion of the new AgXX levels in the final fit. The predicted levels of AgXX are collected in Table I and are compared with energies derived from the classified lines of Table II . As for the case of CdXXI, the ðJ 1 ; j 2 Þ coupling is a better approximation than is LS and Table I Energy levels of AgXX. Levels are designated in the (J 1 , j 2 ) coupling scheme with J and N index numbering from the lowest level in its J-value for the configuration. The (J 1 , j 2 ) purity in % is followed by SL leading components and purities. Energy values are in cm À1 . Table II Classification of lines of Nickel-like AgXX. The first column shows the calculated wavelengths (l cal in nm) as they are derived from the ''best'' experimental values in Table I . The second and third column show the experimental wavelengths (l exp ) and wavenumbers. Int is the measured relative intensity. The level designations imply the J-value and index N th which numbers the levels from the lowest energy in the same J-value and configuration as used in [12] . The emission transition probability gA (in 10 9 s À1 ) in length form is derived by means of Cowan codes for E GLS level values with no C.I. effects included. Notes: a Wavelength from ref [11] . The present spectra lead to an unresolved peak with global intensity 7 S line is too strong with regard to the gA value S, Ag XXI This Ag XX transition is probably masked by a AgXXI transition. blend Ag XIX blend with a classified line of Cu-like Ag XIX with wavelength from [13] . Ag XIX AgXIX lines with wavelengths from [13] . q this line did not appear in all spectra b broad line c only combined intensity can be assigned for all three transitions the changes in leading components are small in those close elements.
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Conclusions
A highly ionized silver plasma generated by a fast high current capillary discharge was used to identify forty-three transitions of Ni-like Ag. The average deviation between the measured and theoretical GLS transition wavelength values is 0.0026 nm. The newly identified lines can be of use in the plasma diagnostic necessary to optimize the performance of Ni-like Ag lasers operating at 13.9 nm.
